On the isospin dependence of the mean spin-orbit field in nuclei 



V.LIsakov 1 , K.I. Erokhina 2 , H. Mach 3 , M. Sanchez- Vega 3 , B.Fogelberg 3 
1 Petersburg Nuclear Physics Institute, Russian Academy of Sciences, Gatchina 188300, Russia 
2 Physicotechnical Institute, Russian Academy of Sciences, St.Petersburg 194021, Russia 
3 Department of Radiation Sciences, Uppsala University, Nykoping S-61162, Sweden 



o 
o 

(N 

c 

a 



> 
O 

o 
o 



o 

=5 



X 



By the use of the latest experimental data on the spectra 
of 133 Sb and 131 Sn and on the analysis of properties of 
other odd nuclei adjacent to doubly magic closed shells 
the isospin dependence of a mean spin-orbit potential is 
defined. Such a dependence received the explanation in 
the framework of different theoretical approaches. 

Recent experimental results |l] U on nuclei close to 
132 Sn have lead to the determination of a nearly complete 
set of neutron and proton single-particle orbitals and to 
the establishment of some of their important statical and 
dynamical properties. In particular, the new results ||] 
for 133 Sb include information on energies of proton single 
particle states above the Z — 50, N — 82 shells as well 
as important knowledge about the decay properties of 
these states. In view of new data on single particle lev- 
els at 132 Sn we performed an analysis of the available 
information on such states in strongly magical nuclides, 
with special attention to the magnitudes of the spin-orbit 
splittings and their isospin dependence. This question is 
important since such a dependence could be one of the 
factors contributing to significant structural changes in 
nuclides having an extreme neutron excess. 

In Q the energy of the 3/2 + level in 133 Sb was mea- 
sured to be 2.44 MeV. By using this value and also the 
previous data on the spectrum of single particle excita- 
tions in nuclei close to 132 Sn (see and [^-||) the values 
of spin-orbit splittings of the 2d levels both in proton and 
neutron systems of 132 Sn were defined. The splitting was 
found to be 1.48 MeV for protons and 1.65 MeV for neu- 
trons, i.e. the neutron spin-orbit splitting is somewhat 
larger for neutrons than for protons. At the same time it 
was noted in that for nuclei close to 208 Pb the situation 
is the opposite, in any case for the first glance. So, from 
the spectra of single particle levels in 209 Bi and 207 Pb 
it follows that the spin-orbit splitting of the proton 2/ 
orbit is equal to 1.93 MeV, while for neutrons it is 1.77 
MeV. However it follows from the experiment that the 
neutron 2/7/2 state in 207 Pb is strongly fragmented. So, 
the conclusions of the work Q refer only to the lowest, 
though the strongest component of this state. Identify- 
ing in the spirit of || , Q the true single particle energy 
of the 2/7/2 state with the weighted average of 7/2~ en- 
ergy levels, the weight being the spectroscopic factors of 
the (d,t) reaction on 208 Pb ]TT[| , we obtain the real ex- 
citation energy of this state equal to 2.70 MeV (instead 
of 2.34 MeV). This corresponds to the value of neutron 
spin-orbit splitting of the 2/ orbit equal to 2.13 MeV, i.e. 
as for the 2d orbit in 132 Sn a little larger than that for 



protons. The above statement is fortified by the analysis 
of the 3p spin-orbit splitting near 208 Pb. Such a splitting 
is equal to 0.85 MeV for protons (taking into account the 
fragmentation of 3pl/2 level) while for neutrons it is 0.90 
MeV, i.e. a little larger than for protons. 

The systematics of single particle energies in 208 Pb 
and 132 Sn available by now is presented in Tables 
1 and 2. In composing these tables the energies 
of the particle and hole states closest to the Fermi- 
level were determined from the differences of binding 
energies of the core and the corresponding adjacent 
odd nuclei: e (particle) =B(core)-B(core+nucleon) and 
e (hole) =B(core-nucleon)-B (core), using the experimen- 
tal data from |l^] . The energies of orbitals more remote 
from the Fermi-level were defined after that by the addi- 
tion (subtraction) of the excitation energies 0] , S , 0] 
S, p3[ , pi[ of the corresponding orbitals in the adjacent 
odd nuclei, accounting for the fragmentation of states, if 
the corresponding data are available. It really follows 
from Tables 1 and 2 that the neutron spin-orbit splitting 
in magical nuclei 208 Pb and 132 Sn, both having consider- 
able neutron excess as compared to the number of pro- 
tons, is larger than the corresponding proton splitting by 
about ~ 10%. 

One can see a completely different picture in the N = 
Z nuclei; see Tables 3-^5. Here the spin-orbit splittings 
of the Id and Ip levels in 16 O |nj as well as those 
of 1/ and 2p levels in 40 Ca |17| are practically equal, an- 



other time suggesting the concept of isobaric invariancc 
in nuclei. By the present time the experimental data on 
the structure of single particle states in 100 Sn are absent. 
However the work [|18| presents their spectrum obtained 
from the extrapolation of the properties of nuclei with 
less neutron deficiency (see Table 5). A conclusion based 
on these data is that, within the errors the spin-orbit 
splitting of the lg orbit is also equal for protons and 
neutrons. 

Turning to the theoretical interpretation pj of data on 
the spin-orbit splitting we shall first recall that from the 
point of view of multiparticle theory the average spin- 
orbit potential has it's origin in the pair spin-orbit in- 
teraction between nucleons (with the tensor forces also 
giving some contribution in the second order perturba- 
tion theory) . On the level of qualitative arguments it was 
noted by ref. (l!| that due to the symmetry properties 
one should expect the neutron spin-orbit splitting some- 
what larger than that for protons. However, at that time 
the absence of experimental data did not permit to make 
a meaningful comparison with measurements. With the 
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presently available data including those obtained by us 
in [p| we can fill this gap, giving also some quantitative 
considerations. 

The two-body spin-orbit interaction differs from zero 
only in the states with total spin S = 1 . Neutron- neutron 
and proton-proton systems have the total isospin T = 1 
and thus due to the Pauli principle have odd values of 
the relative orbital momentum L (really, L = 1). At 
the same time, the neutron-proton system is composed 
from the T = and T = 1 states with equal weights, 
correspondingly having L — and L = 1. However, the 
spin-orbit interaction is absent in states with L = 0. As a 
result, the pair spin-orbit np interaction is half as strong 
as that in pp or nn-systems. 

If Ui s (n) and Ue s (p) are the values presenting the mag- 
nitudes of the mean spin-orbit field for neutrons and pro- 
tons and §(T = 1, S = 1,L= 1) is a quantity represent- 
ing the parameter of the pair spin-orbit interaction in a 
state with T = l,S= 1,L= 1 then the above discourse 
leads to 

Ui.(n)~ 0(1,1,1) ( N + \ z ) = i A -\ 1 a! " 1 



u es (p) ~ 0(1, ia)(^ + z\=#.(a-¥\. (1) 

As the spin-orbit splitting A^™'^ ~ Ui a (n,p), the rel- 
ative difference " e" of the neutron and proton spin-orbit 
splittings is given by the expression: 



isotopical dependence of the spin-orbit potential having 
the form, see for example ^4j- 27 1: 
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Here V = F° - r 3 • T/ 1 and S = S° - r 3 • S 1 are 
the vector and scalar fields due to corresponding mesons, 
m* N = mjv + h(S — V), while "k" is the ratio of tensor to 
vector coupling constants of p-meson. In |p7f the meson- 
nucleon coupling constants defining the V and S fields 
were borrowed from the Bonn NN boson exchange po- 
tential j2Sj ] , where a and are scalar mesons imitating 
the 2tt exchange in the NN- systems with T=l and T=0 
correspondingly. At the same time, in some other works 
(see for example |24|]~ |2(|) the mentioned constants were 
defined from the description of global nuclear properties, 
with inclusion of the a 3 and tr 4 terms in the Lagrangian 
density (one cr-meson with the same characteristics for 
T=l and T=0 channels was used which leads to zero con- 
tribution of this meson to S 1 in formula (5), the tensor 
term was not included in the p-meson vertex in the cited 
works). Taking into account that the radial dependence 
of the (tun /rn* N ) is much weaker than that of V and 
S, which are considered as proportional to the density 
having the Fermi-function form, one can approximately 
present formula (5) as 



e = 
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On the other side, if we express the parameter of the 
spin-orbit mean field in the form 
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where t 3 = — 1 for neutrons and r 3 = +1 for protons, 
then 
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i.e. it follows from the comparison of (2) and (4) that 
tits = -2/3. 

One can also make the evaluation of the isotopical 
dependence of spin-orbit interaction in the Hartree ap- 
proximation starting from the Dirac phenomenology with 
meson- nucleon interactions ]2C|] . There one obtains (see 
for example pj[- [2q ] and the references therein) the 
Skyrme-type single particle equation for a nucleon hav- 
ing the effective mass m* N . Here we concentrate on the 



Calculating the V and S magnitudes in the center of 
nuclei at the values of vector and scalar densities p v — 
0.17, p s = 0.16, p- = 0.17 (N - Z)/A, pj = 0.16 (N - 
Z) I A (all in fm -3 ) , using the coupling parameters from 
P7J , [ B9[ and taking into account the isotopic dependence 
of mjv/m^, we obtain Vi s = 33.6 MeV and (3t s = - 
0.40 with "x" in the units of fm. If we use the set of 
parameters NL2 from |25|,|26| than we have Vi s = 31.3 
MeV, [3i s = - 0.43. At the same time, the set NL1 from 
p4] , p6| giving small values of effective masses leads to Ve s 
w 50 MeV and flu « - 1.3. As the V 1 , S 1 magnitudes are 
proportional to p~ , p7 both the formulas (5) and (6) give 
the spin-orbit splitting equal for protons and neutrons in 
the N — Z nuclei. It should be mentioned that in all 
cases the value of j3i s is always negative and is defined 
mainly or entirely by contribution of a p-meson. 

We note here that the data on spin-orbit splittings of 
the 2d states in 132 Sn as well as on the splittings of 2f 
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and 3p levels in 208 Pb lead to effective values of Pi s equal 
to —0.55, —0.60 and —0.27 correspondingly. 

Let single particle levels be generated by the potential 

U(x,a,T 3 ) = U (T 3 )f(x) + 



, UM df i 

x dx 
where U (t 3 ) = V {1 + 1/3 



(l + r 3 ) 



Uco 



(7) 



N-Z 



2^^— r 3); Uis and f(x,a,R) 
are defined by eq. (3) and (6), R = tqA 1 / 3 , while 
Ucoui{x,R Cl Z) presents the potential of the uniformly 
charged sphere with the charge Z and radii R c — rcA 1 ^ 3 . 

In works |Q - J34[ single particle levels were described 
by using the set of parameters Vb = —51.5 MeV, r — 
1.27 fm, Vi s =33.2 MeV, a(p)= 0.67 fm, a(n) = 0.55 
fm and (3i s —(3 =1.39, which on the average described 
the spectra of single particle states in nuclei from 16 O to 
208 Pb. This set of parameters we call as the "Standard" 
one. With the appearance of new experimental data on 
the single-particle levels we performed a new determi- 
nation of parameters entering formula (7). They were 
defined by using the Nelder-Mead method |35|] through 
minimization of the root-mean square deviation 
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The computation demonstrated a very small sensitivity 
of results to the values of r c , which was adopted by us the 
same as before, r c — 1.25 fm. The minimization of S held 
for all nuclei presented in Tables 1 = 5 with r c — 1.25 fm 
and different values of ro showed that the minimum in all 
cases corresponds to ro ~ 1.27 fm which also coincides 
with the value adopted by us before. The values r c = 1.25 
fm and ro = 1.27 fm were fixed in further calculations. 

As was noted above, the optimal relation of proton to 
neutron spin-orbit splitting corresponds to f3t s ~ —0.6. 
The fourth column of Tables 1 and 2 (variant 1 of cal- 
culations) presents the values of theoretical energy lev- 
els obtained in the optimization with fixed values of 
fiis = —0.6, a p = 0.67 fm and a n = 0.55 fm. 

The fifth column of Tables 1 = 2 (variant 2) presents 
the results of optimization with two fixed parameters: 
a.p = 0.67 fm and a n = 0.55 fm. 

Variant 3 corresponds to optimization at fixed f3( s = 
—0.6, while variant 4 presents the results with no param- 
eters fixed. 

We see that the optimal values of Vo, Vi s and j3 (see 
formula (7)) are very close to the "Standard" ones, with 
small dispersion from nuclei to nuclei. The magnitudes 
of the diffusinesses "a" vary more strongly, differing by 
about 10 = 15% from their "standard" values. As one 
can see from the comparisons of the "Stnd" with "Set 
1" and "Set 3" with "Set 4" fittings, the contribution 
of Pis that defines the isospin dependence of spin-orbit 
splitting to S is small. It is more reasonable to define it's 



value not from minimization of <5, but from experimental 
and theoretical arguments mentioned above. This con- 
clusion is confirmed by the result of [[37), where different 
fittings gave diverse (in magnitudes and signs) values of 
parameter defining the linear in (N — Z) /A contribution 
to the spin-orbit term (energies with maximal values of 
spectroscopic factors were used as the input ones in these 
fittings) . 

The energies of levels in nuclei with N = Z (see Ta- 
bles 3,4,5) are independent on (3 and Here the op- 
timization was performed twice, once with fixed values 
of a n = 0.55 fm and a p — 0.67 fm with subsequent def- 
inition of V and Vg s (variant 1) and once without fixing 
some parameters (variant 3). 

The results of calculations presented in Tables 1 to 
5 refer also to some levels having positive energies, i.e. 
to unbound, but sub-barrier states. In these cases we 
present here only the real part of single particle energies 
having here really very small decay widths. 

For comparison of the results obtained by using the em- 
pirical potential (7) with those using the microscopical 
procedure we also performed Hartree-Fock calculations 
with the SIII interaction (last two columns of Tables 1 to 
5) . The results of our self-consistent calculations were ob- 
tained by considering the contribution of a single-particle 
part of the center-of-mass energy and taking into account 
the Coulomb exchange term in the Slater approximation. 
The SIII(l) data correspond to calculations taking into 
account all the terms of the energy functional contribut- 
ing to spin-orbit splitting, while the SIII(2) results were 
obtained by omitting the spin density terms in the spin- 
orbit potential. In the last case our results are close to 
that from the work (36) for 208 Pb, 132 Sn and 100 Sn nuclei. 



We see that the results obtained in the framework of the 
Hartree-Fock method also demonstrate that the neutron 
spin-orbit splittings of the 2c? orbit in 132 Sn as well as of 
the 2f and ip orbits in 208 Pb are larger than those for 
protons and correspond to effective (3g s in the interval 
of —0.9 -. — 0.6. One can mention here that the differ- 
ence between the neutron and proton spin-orbit split- 
tings is reproduced by using the simple parameterization 
of Skyrme forces. More careful parameterization enables 
to reproduce (3^] the anomalous kink of isotopic shifts in 
Pb isotopes. 

Tables 3 and 4 presented below refer to 16 O and 40 Ca, 
which are the spin saturated nuclei. In these cases the 
spin density terms in practice do not contribute the spin- 
orbit splitting (the corresponding contributions in these 
cases are due only to small distinction of radial wave 
functions of spin-orbit partners). One can see, that the 
SIII-1 and SIII-2 calculations give here almost similar 
results. 

We conclude that our analysis, based both on experi- 
mental data and on different theoretical approaches has 
defined the isotopic dependence of the nuclear mean field 
spin-orbit splitting. The splitting becomes larger for 
neutrons than for protons in nuclei with N > Z. Im- 
portantly, the theoretical analysis shows that the diffcr- 
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ence between the neutron and proton splittings becomes 
saturated which precludes very large differences. The 
rather modest difference seen in the 132 Sn region is al- 
ready about 25% of the saturation value, showing that 
the isospin dependence can not introduce major struc- 
tural changes even in extreme cases of neutron excess. 
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Table 1. Single particle states of 208 Pb. 





£exp 


Stnd 


Set 1 


Set 2 


Set 3 


Set 4 


SIII-1 


SIII-2 


n3d s/2 


-1.40 


-0.32 


-0.02 


-0.23 


-0.96 


-0.99 


0.38 


0.42 




-1.44 


-0.79 


-0.18 


-0.65 


-0.89 


-1.14 


0.01 


0.14 


n4s 1/2 


-1.90 


-0.80 


-0.70 


-0.74 


-1.63 


-1.51 


-0.08 


-0.06 


"l?15/2 


-2.09* 


-2.42 


-3.05 


-2.31 


-2.23 


-1.55 


-1.41 


-1.93 


n3d 5/2 


-2.37 


-1.50 


-1.45 


-1.40 


-2.35 


-2.13 


-0.39 


-0.38 


"1*11/2 


-3.16 


-4.24 


-3.37 


-4.05 


-2.71 


-3.33 


-3.37 


-2.77 


"239/ 2 


-3.94 


-3.71 


-3.82 


-3.59 


-4.24 


-3.88 


-2.91 


-2.97 


"3P1/2 


-7.37 


-7.32 


-6.94 


-7.17 


-7.59 


-7.61 


-7.21 


-7.13 


"2/ 5 /2 


-7.94 


-8.42 


-7.87 


-8.25 


-8.17 


-8.38 


-8.59 


-8.44 


"3P3/2 


-8.27 


-8.18 


-8.03 


-8.04 


-8.59 


-8.43 


-8.18 


-8.15 


"1*13/2 


-9.00 


-9.21 


-9.62 


-9.08 


-8.84 


-8.31 


-9.73 


-10.21 


"2/7/2 


-10.07* 


-10.57 


-10.57 


-10.43 


-10.72 


-10.46 


-11.21 


-11.24 


"1^9/2 


-10.78 


-12.06 


-11.35 


-11.87 


-10.60 


-11.09 


-13.16 


-12.67 


p3pi/ 2 


0.17* 


0.63 


0.43 


0.72 


0.29 


0.47 


2.79 


2.88 


P3P3/2 


-0.68 


-0.45 


-0.46 


-0.35 


-0.58 


-0.69 


1.99 


2.03 


p2/ 5/2 


-0.97 


-0.68 


-1.03 


-0.60 


-1.03 


-0.61 


0.60 


0.74 


pl*13/2 


-2.19 


-2.86 


-2.37 


-2.71 


-1.94 


-2.78 


-1.20 


-1.53 


p2/ 7/2 


-2.90 


-3.38 


-3.24 


-3.26 


-3.21 


-3.53 


-1.64 


-1.66 


plhg/2 


-3.80 


-4.60 


-5.11 


-4.53 


-4.71 


-4.01 


-4.68 


-4.24 


p3s 1/2 


-8.01 


-7.76 


-7.86 


-7.67 


-7.87 


-7.87 


-7.39 


-7.33 


p2d 3 / 2 


-8.36 


-8.41 


-8.66 


-8.32 


-8.59 


-8.30 


-8.64 


-8.51 


Pl^ll/2 


-9.36 


-9.33 


-8.99 


-9.18 


-8.60 


-9.21 


-9.35 


-9.65 


p2d 5 / 2 


-10.04* 


-10.10 


-10.05 


-9.98 


-9.96 


-10.15 


-10.29 


-10.28 


Plfl7/2 


-12.18* 


-12.07 


-12.45 


-11.99 


-12.08 


-11.58 


-13.94 


-13.59 



The "standard" set of parameters corresponds to Vo = —51.50 
MeV, V e3 = 33.2 MeV, P = p ls = +1.39, a p = 0.67 fm, a n = 0.55 
fm and <5 = 0.604 MeV. 

Set "1" corresponds to V = -51.39 MeV, V ts = 33.1 MeV, 
13 = 1.43 with p ts = -0.6, a v = 0.67 fm, a n = 0.55 fm fixed; 
<5 = 0.654 MeV. 

Set "2" corresponds to V = -51.34 MeV, V ts = 33.1 MeV, 
P = 1.40, P ls = 1.26 with a p = 0.67 fm, a n = 0.55 fm fixed; 
5 = 0.593 MeV. 

Set "3" corresponds to Vo = -51.99 MeV, V is = 32.7 MeV, 
P = 1.36, a v = 0.73 fm, a n = 0.72 fm with <5 = 0.369 MeV; 
Pis = —0.6 is fixed. 

Set "4" corresponds to V = -51.93 MeV, V ts = 35.2 MeV, 
P = 1.38, p es = 1.76, a p = 0.73 fm, a n = 0.72 fm; <5 = 0.366 MeV. 

Here and below experimental single particle energies marked by 
asterisks were obtained using the averaging over the spectroscopic 
factors. 
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Table 2. Single particle states of 132 Sn. 



Table 4. Single particle states of 40 Ca. 



nij 




Stnd 


Set 1 


Set 2 


Set 3 


Set 4 


SIII-1 


SIII-2 


n2/5/2 


-0.58 


0.36 


0.73 


0.46 


0.22 


-0.01 


0.67 


0.79 


n3pl/2 


(-0.92) 


-0.13 


-0.48 


-0.09 


-0.55 


-0.61 


0.16 


0.20 


nlHQ/2 


-1.02 


-1.61 


-0.84 


-1.38 


-0.47 


-0.97 


-0.72 


-0.02 


n3p3/2 


-1.73 


-0.78 


-0.88 


-0.77 


-1.42 


-1.32 


-0.16 


-0.14 


n2/7/2 


-2.58 


-2.18 


-2.55 


-2.21 


-2.84 


-2.52 


-1.67 


-1.71 


n2d3/2 


-7.31 


-7.74 


-7.45 


-7.62 


-7.63 


-7.77 


-8.42 


-8.26 


ralWl/2 


-7.55 


-7.11 


-7.96 


-7.23 


-7.33 


-6.60 


-7.69 


-8.23 


n3sl/2 


-7.64 


-7.68 


-7.73 


-7.64 


-8.03 


-7.93 


-8.26 


-8.21 


n2d5/2 


-8.96 


-9.66 


-9.94 


-9.66 


-9.98 


-9.69 


-10.71 


-10.71 


nlg7/2 


-9.74 


-10.56 


-10.04 


-10.39 


-9.51 


-9.81 


-11.92 


-11.32 


p3sl/2 


(-6.83) 


-6.84 


-6.87 


-6.80 


-6.64 


-6.70 


-4.97 


-4.90 


plhll/2 


-6.84 


-7.32 


-6.66 


-7.46 


-6.77 


-7.48 


-5.64 


-6.01 


p2d3/2 


-7.19 


-6.86 


-7.20 


-6.74 


-7.07 


-6.72 


-5.93 


-5.77 


p2d5/2 


-8.67 


-9.36 


-9.20 


-9.37 


-9.04 


-9.30 


-7.88 


-7.88 


plg7/2 


-9.63 


-9.84 


-10.41 


-9.66 


-10.60 


-9.81 


-10.08 


-9.56 


plg9/2 


-15.71 


-14.91 


-14.46 


-15.00 


-14.57 


-15.02 


-15.03 


-15.36 


p2pl/2 


-16.07 


-16.01 


-16.22 


-15.92 


-16.14 


-15.91 


-16.68 


-16.55 



Stnd: 8 = 0.589 MeV. 

Set 1: Vb = -51.56 MeV, V ts = 33.3 MeV, /3 = 1.39, 8 = 0.638 
MeV. 

Set 2: Vb = -51.44 MeV, V ls = 34.8 MeV, /3 = 1.39, f3 la = 1.35, 
8 = 0.575 MeV. 

Set 3: Vb = -51.55 MeV, V ts = 32.4 MeV, (3 = 1.31, a p = 0.63 
fm, a n = 0.66 fm, <5 = 0.546 MeV. 

Set 4: Vb = -51.56 MeV, V( a = 34.1 MeV, j3 = 1.34, j3 la = 1.33, 
dp = 0.65 fm, a n = 0.66 fm, 8 = 0.478 MeV. 

Note that some theoretical works |39| postulate that the neutron 
lil3/2 state at 132 Sn is only 1.9 MeV above the n2f7/2 level. Our 
calculations unequivocally demonstrate, that this state lies consid- 
erably higher, with it's energy equal to +0.55, +1.59 and +1.02 
MeV correspondingly for the "Stnd", SIII-1 and SIII-2 variants. 



Table 3. Single particle levels of 16 O. 



nij 




Stnd 


Set 1 


Set 3 


SIII-1 


SIII-2 


nld.2,/2 


(0.94) 


0.89 


0.18 


0.20 


0.66 


0.67 


n2sl/2 


-3.27 


-3.59 


-3.89 


-3.31 


-2.88 


-2.87 


nld5/2 


-4.14 


-6.97 


-6.85 


-6.41 


-6.87 


-6.89 


ralpl/2 


-15.67 


-15.06 


-16.05 


-16.33 


-14.58 


-14.56 


nlpi/2 


(-21.84) 


-19.98 


-20.25 


-20.10 


-20.58 


-20.59 


pldi/2 


(4.40) 


3.76 


2.92 


3.48 


3.55 


3.56 


P 2sl/2 


-0.11 


-0.89 


-1.14 


0.22 


0.03 


0.03 


pldb/2 


-0.60 


-2.76 


-2.67 


-2.97 


-3.57 


-3.59 


plpl/2 


-12.13 


-9.95 


-10.87 


-12.60 


-11.17 


-11.15 


plp3/2 


(-18.45) 


-14.66 


-14.90 


-16.40 


-17.07 


-17.08 



Set 1: Vb = -52.21 MeV, V ls = 28.6 MeV; a p = 0.67 fm, a n = 0.55 
fm are fixed. 

Set 3: V = -51.40 MeV, V ts = 25.7 MeV, a p = 0.45 fm, 
a n = 0.50 fm. 



nij 




Stnd 


Set 1 


Set 3 


SIII-1 


SIII-2 


ral/5/2 


-3.48 


-2.57 


-3.91 


-3.54 


-1.49 


-1.48 


n2pl/2 


-4.42 


-3.35 


-4.08 


-4.69 


-2.20 


-2.23 


n2p3/2 


-6.42 


-5.71 


-6.08 


-6.57 


-4.09 


-4.05 


nl/7/2 


-8.36 


-10.43 


-10.44 


-9.72 


-9.92 


-9.94 


nld3/2 


-15.64 


-16.21 


-17.40 


-16.43 


-15.53 


-15.54 


n2sl/2 


-18.11 


-16.51 


-17.17 


-17.00 


-15.94 


-15.92 


nld5/2 


-21.64* 


-21.08 


-21.44 


-20.52 


-21.90 


-21.90 


pl/5/2 


3.86 


4.92 


3.79 


3.41 


4.90 


4.91 


p2pl/2 


2.64 


2.62 


2.11 


2.07 


3.66 


3.64 


p2p3/2 


0.63 


0.89 


0.60 


0.45 


2.23 


2.26 


pl/7/2 


-1.09 


-2.19 


-2.18 


-2.85 


-3.04 


-3.06 


pld3/2 


-8.33 


-7.11 


-8.25 


-9.01 


-8.52 


-8.53 


p2sl/2 


-10.85 


-8.18 


-8.78 


-9.30 


-8.77 


-8.75 


pldh/2 


-14.33* 


-12.05 


-12.36 


-13.19 


-14.74 


-14.75 



Set 1: Vb = -52.39 MeV, V( s = 27.9 MeV; a p = 0.67 fm and 
a n = 0.55 fm are fixed. 

Set 3: V = -52.95 MeV, V es = 28.2 MeV, a p = 0.63 fm, 
a n = 0.68 fm. 



Table 5. Single particle states of 100 Sn. 



nij 


£-sys 


Stnd 


Set 1 


Set 3 


SIII-1 


SIII-2 


nlMl/2 


-8.6(5) 


-8.66 


-9.01 


-8.72 


-6.35 


-6.87 


n2d3/2 


-9.2(5) 


-8.90 


-9.24 


-8.70 


-7.84 


-7.66 


n3sl/2 


-9.3(5) 


-9.16 


-9.53 


-9.13 


-7.58 


-7.52 


nl 5 7/2 


-10.93(20) 


-11.64 


-12.02 


-11.23 


-10.33 


-9.63 


n2d5/2 


-11.13(20) 


-11.62 


-11.97 


-11.59 


-10.07 


-10.10 


nlg9/2 


-17.93(20) 


-17.23 


-17.61 


-17.21 


-16.54 


-17.00 


n2pl/2 


-18.38(20) 


-19.14 


-19.53 


-18.93 


-19.08 


-18.93 


plg7/2 


3.90(15) 


3.88 


3.54 


2.70 


3.38 


4.04 


P 2d5/2 


3.00(80) 


2.74 


2.45 


2.64 


3.70 


3.69 


pl 5 9/2 


-2.92(20) 


-2.01 


-2.36 


-3.66 


-2.74 


-3.16 


p2pl/2 


-3.53(20) 


-3.48 


-3.84 


-3.94 


-4.80 


-4.65 


p2p3/2 


-6.38 


-4.95 


-5.31 


-5.55 


-6.22 


-6.18 


pl/5/2 


-8.71 


-5.54 


-5.92 


-7.60 


-8.43 


-7.89 



Set 1: Vb = -51.97 MeV, V ls = 33.5 MeV; a p = 0.67 fm and 
a n = 0.55 fm are fixed. 

Set 3: V = -51.40 MeV, V es = 35.6 MeV, a p = 0.52 fm, 
a n = 0.56 fm. 
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